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A B S T R A C T   

Functional human tissues engineered from patient-specific induced pluripotent stem cells (hiPSCs) hold great 
promise for investigating the progression, mechanisms, and treatment of musculoskeletal diseases in a controlled 
and systematic manner. For example, bioengineered models of innervated human skeletal muscle could be used 
to identify novel therapeutic targets and treatments for patients with complex central and peripheral nervous 
system disorders. There is a need to develop standardized and objective quantitative methods for engineering 
and using these complex tissues, in order increase their robustness, reproducibility, and predictiveness across 
users. Here we describe a standardized method for engineering an isogenic, patient specific human neuromus
cular junction (NMJ) that allows for automated quantification of NMJ function to diagnose disease using a small 
sample of blood serum and evaluate new therapeutic modalities. By combining tissue engineering, optogenetics, 
microfabrication, optoelectronics and video processing, we created a novel platform for the precise investigation 
of the development and degeneration of human NMJ. We demonstrate the utility of this platform for the 
detection and diagnosis of myasthenia gravis, an antibody-mediated autoimmune disease that disrupts the NMJ 
function.   

1. Introduction 

The neuromuscular junction (NMJ) is the chemical synapse between 
presynaptic motor neurons and post-synaptic muscle cells that enables 
transmission of electrical signals from the neurons to the skeletal fibers, 
resulting in muscle contraction. The large size and anatomical accessi
bility of NMJs have made them a popular model for studying synaptic 
development and degeneration. Given the prevalence of neuromuscular 
diseases, due to either motoneuron defects (e.g., amyotrophic lateral 
sclerosis, spinal muscular atrophy) or directly to degeneration of the 
NMJ function (e.g., congenital myasthenic syndromes, myasthenia 
gravis), there is a critical need for bioengineered human tissue models of 
the NMJ to conduct mechanistic and therapeutic experimental studies. 
While animal models have traditionally been used to investigate the 

NMJ, there are significant barriers to translation. The shift towards using 
human in vitro models not only reduces the need for animal models, but 
it also provides the opportunity to directly examine relevant human 
pathological complexities. By utilizing human in vitro models, the mo
lecular and cellular mechanisms of human disorders can be further 
elucidated to allow for better translation of results. 

Human induced pluripotent stem cells (hiPSCs) [1] can be used to 
derive multiple human cell types, including motoneurons [2,3] and 
skeletal muscle cells [4,5], from the same donor. Furthermore, hiPSCs 
can be easily derived from patients [6,7] making them an ideal tool for 
disease modeling [8,9] and drug screening [10,11]. Standard monolayer 
co-cultures of skeletal muscle and motoneuron cells remain a mainstay 
for many assays, but they lack the morphology, phenotype, and orga
nization of physiological NMJs, thus also lacking in vivo-like functional 
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responses. In standard co-cultures, NMJs randomly form across the 
culture and require tedious manual evaluation of their function. The 
lack of consistent organization prevents repeated functional measure
ments on specific motor units and introduces biological and 
inter-evaluator variability, thus limiting the utility of these models for 
reproducible, systematic studies [12]. Some of the limitation of 2D 
systems can be overcome by advanced culture systems which allow for 
3D organization and directed interactions between different cellular 
components. Importantly, 3D systems facilitate the application of 
biomechanical cues necessary for optimizing tissue structure and func
tion, thus better mimicking in vivo physiology [13–17]. 

We recently demonstrated that optogenetic methods used in 
conjunction with tissue engineering allowed precise non-invasive con
trol and functional evaluation of human NMJs grown in vitro [18]. 
Optogenetics uses genetic engineering to integrate light sensitive pro
teins (opsins) into the cell genome. One of the most commonly used 
opsins is channelrhodopsin-2 (ChR2), an ion channel that opens in 
response to blue light [19,20]. Introduction of opsins into the membrane 
of excitable cells such as neurons or myocytes allows for noncontact 
spatiotemporal control of cellular activity with millisecond resolution. 
Thus, this technology enables the functional evaluation of NMJs be
tween optogenetic motoneurons and non-optogenetic skeletal myotubes 
with blue light stimulation. 

Here we describe an automated method to quantify NMJ function in 
a human 3D tissue model and demonstrate its capability to diagnose 
myasthenia gravis (MG), the most common neuromuscular disorder 
[21]. We use advanced compartmentalized culture systems for the for
mation of NMJs between optogenetic motoneurons and non-optogenetic 
skeletal muscle tissues attached to pillars [18,22,23]. A custom optical 
stimulation platform integrated with microscopy is used to automati
cally stimulate and record the responses from a set of tissues. The video 
recordings are processed with custom code that allows for blinded, 
non-biased evaluation of NMJ function. Such a robust and reproducible 
methodology allows for repeated measurements of NMJ function and 
quantification of changes over time or in response to various inputs. 
Using this strategy, we were able to distinguish the differential effect of 
myasthenia gravis (MG) antibodies from different donors on NMJ 
function, with a sensitivity that was sufficient to detect changes in NMJ 
function in the case of double-negative MG, a disease that escapes 
detection by any existing diagnostic test. 

2. Materials and methods 

2.1. Generation of donor-specific engineered NMJs 

To engineer isogenic NMJs, skeletal myotubes and motoneurons 
need to be derived from a single cell source. Here we describe two 
methodologies for engineering donor-specific NMJs: (1) Isolation of 
skeletal myoblasts from a biopsy followed by reprogramming into an 
hiPSC line that can then be differentiated into isogenic motoneurons and 
(2) direct differentiation of both cell types from a single hiPSC line by 
inducing expression of specific transcription factors. While the former 
strategy produces adult-like skeletal tissues ideal for studies of healthy 
NMJs, the latter allows for the generation of donor-specific NMJs from 
any available iPSC line, including those obtained from patients with 
congenital neuromuscular pathologies, allowing for personalized dis
ease modeling. 

2.2. Derivation of myotubes and motoneurons from primary myoblasts 

2.2.1. Primary skeletal muscle cells and myotube differentiation 
Healthy human skeletal muscle cells were obtained from Cook 

Myosite (#SK-1111) and expanded in Myotonic Growth Medium (Cook 
Myosite #MK-4444) for a maximum of 6 passages. Myoblast fusion was 
induced by culturing confluent myoblasts in a series of defined media 
[24]. Briefly, cells were cultured in Fusion Inducing Media (FIM), 

components of which are listed in Table I, for 7 days, followed by 2 days 
in Maturation Medium Ia (MMIa), and 2 days in Maturation Media Ib 
(Table I). At day 11 after differentiation, media was changed to Matu
ration Medium II (NbActive4, BrainBits LLC #Nb4-500). Media was 
replaced every 2 days. 

2.2.2. Generation of muscle derived-hiPSCs lines 
Primary skeletal muscle cells were reprogrammed using CytoTune- 

iPS 2.0 Sendai Reprogramming Kit (ThermoFisher Scientific 
#A16517) that contains Sendai viruses for KOS, hc-Myc and hKlf4. 
Briefly, 1x105 P1 skeletal muscle cells were plated in one well of a 6-well 
plate one day before infection. Cells were infected the next day at MOI 
10:10:6 for KOS:hc-Myc:hKlf4 viruses and incubated for 24 h. After 5 
days, cells were trypsinized and plated on top of irradiated mouse em
bryonic fibroblasts (MEFs; Globalstem). HiPSCs colonies formed 2 weeks 
after transduction. Colonies were picked and expanded in MEF feeders 
for 5 additional passages, before switching to Matrigel-coated plates. 

2.2.3. Generation of transgenic ChR2 cell lines 
A transgenic cell line was created by infection of the muscle-derived 

hiPSCs with the pLenti-EF1a-hChR2(H134R)-EYFP-WPRE construct 
(Addgene #20942). Plasmids were grown in One Shot™ Stbl3™ 
chemically competent E. coli (ThermoFisher Scientific #C737303) 
cultured in Luria Broth (ThermoFisher Scientific #10855) with 100 μg/ 
ml ampicillin (ThermoFisher # 11593027), and isolated using E.Z.N.A. 
® Endo-Free Plasmid Maxi Kit (Omega Biotek #D6926-03). Human 
embryonic kidney cells HEK-293FT (ThermoFisher Scientific #R700-07) 
grown in DMEM (ThermoFisher Scientific #10566–016) supplemented 
with 2 % v/v of fetal bovine serum (FBS) (Atlanta Biological #S11150) 
and 50 U/ml penicillin/streptomycin were transfected with 32.73 μg of 
the ChR2-YFP plasmid, 10.91 μg of viral envelope plasmid (pMD2.G 
Addgene #12259) and 21.82 μg of packaging construct (pCMV ΔR8.2, 
Addgene #12263) using polyethylenimine (Polysciences # 23966). 
After 60 h, supernatant was filtered through a 0.45 mm low protein- 
binding Steriflip-HV, (Millpore #SE1M003M00) and the viral particles 
were precipitated using the Lenti-X Concentrator (Takara #631231). 
Viruses were added to the hiPSCs one day after passaging. YFP + cells 
were selected by FACS (BD Influx™ cell sorter) and expanded. 

2.2.4. Derivation of motoneurons from transgenic ChR2-expressing iPSCs 
Motoneurons were derived form ChR2-expressing transgenic hiPSC 

lines using a protocol adapted from Maury et al. [2]. Briefly, on day 0, 
4x106 hiPSCs were transferred to petri dishes for suspension culture in 
10 ml of Motoneuron Suspension Culture Medium (MSCM, Table II). On 
day 0 MSCM was supplemented with 3 μM CHIR99021 (Tocris # 
4423/10), 0.2 μM LDN193189 (Miltenyl Biotec #130-103-925), 40 μM 
SB431542 hydrate (Sigma Aldrich #S4317) and 5 μM Y-27632 dihy
drochloride. On day 2, neurospheres were isolated using 37 μm revers
ible strainers (STEMCELL Technologies #27215) and replated in MSCM 
supplemented with 3 μM CHIR99021, 0.2 μM LDN193189, 40 μM 
SB431542 hydrate, and 0.1 μM retinoic acid. Thereafter, media was 
replaced for MSCM supplemented with 0.5 μM SAG (Millpore 
#566660), 0.2 μM LDN193189, 40 μM SB431542, and 0.1 μM retinoic 
acid at day 4; 0.5 μM SAG and 0.1 μM retinoic acid at day 7; 10 μM DAPT 
(R&D Systems # 2634/10) at day 9; and 20 ng/ml BDNF and 10 ng/ml 
GDNF at day 11. 

2.3. Direct differentiation of myotubes and motoneurons from hiPSCs 

In this second approach, both skeletal myoblasts and motoneurons 
were derived from wild type hiPSCs using transcription factor-mediated 
differentiation protocols. 

2.3.1. Generation of a MyoD/OCT4 KD line 
We designed a PiggyBac plasmid for the overexpression of the 

transcription factor MYOD1 and knock-down of OCT4 in hiPSCs based 
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on a recent publication by Akiyama et al. [25]. We subcloned the human 
MYOD1sequence and OCT4-shRNA downstream of a 3rd-generation 
Tet-responsive (Tet-On® 3G) promoter [26]. The integrated sequence 
allows for the conditional activation of MYOD1 and OCT4 knock down 
(KD) upon addition of doxycycline. To reduce silencing of the promoter, 
we included a short minimal ubiquitous chromatin opening element 
(UCOE) [27]. To generate a stable MyoD/OCT KD line, we 
co-transfected the MyoD/OCT4 KD plasmid and the PiggyBac™ trans
posase using Lipofectamine™ Stem (ThermoFisher # STEM00003). 
Briefly, we seeded 1.5x106 of hiPSCs in a Matrigel-coated 6-well plate 
using Essential-8 medium and 10 μM Y-27632. The lipofectamine mix 
containing the transposase and transgene plasmids was incubated for 30 
min. HiPSCs were then transfected with 2 μg of DNA at a 1:2 ratio 
(transposase:DNA). After 24 h, cells were inspected for nuclear BFP 
expression and selective pressure with puromycin was maintained for 14 
days. 

2.3.2. Derivation of skeletal myoblasts from hiPSCs (hiSkMs) 
For generation of iPSC-derived skeletal myoblasts (hiSKMs), 0.5 x106 

of MyoD/OCT4 KD-iPSCs were seeded per well in a Matrigel-coated 6 
well plate in Myogenic Inducing Media (MIM, Table I), supplemented 
with Y-27632 10 μM and 2 μg/ml doxycycline [25]. The medium was 
replaced with fresh MIM supplemented with doxycycline the following 
day. On day 5, cells were passaged and plated in Myotonic Growth 
Medium (MGM) supplemented with 2 μg/ml doxycycline. Cells were 
kept in this media for 2 weeks and medium was changed every other 
day. At day 19, myotube differentiation was induced using the same 
protocol as for primary myoblasts, with the addition of 10 μM SB431542 
and 10 μM DAPT to FIM (Table I). 

2.3.3. Generation of an optogenetic hNIL line 
A cassette expressing NGN2, ISL1, and LHX3 (hNIL) under the tet

racyline response element (TRE3G), CAG promoter driving constitutive 
expression of the reverse tetracycline transactivator (rtTA3G), and an 
EF-1α promoter driving constitutive expression of the neomycin resis
tance gene was stably integrated into the safe-harbor AAVS1 locus of the 
WTC11 iPSC line via TALENs [28]. Using NEBuilder® HiFi DNA As
sembly Master Mix (Catalog #E2621S), the ChR2-YFP sequence from 
plasmid pLenti-EF1a-hChR2(H134R)-EYFP-WPRE (Addgene #20942) 
was cloned into plasmid pC13N-dCas9-BFP-KRAB (Addgene #127968) 
containing a CAG promoter and homologous regions for integration of 
the cassette into the CLYBL safe harbor locus which enables robust 
transgene expression. Plasmids were grown in One Shot™ Stbl3™ 
chemically competent E. coli (ThermoFisher Scientific #C737303) 
cultured in Luria Broth (ThermoFisher Scientific #10855) with 50 μg/ml 
Kanamycin (ThermoFisher # 15160054), and isolated using Plasmid 
Plus Midi Kit (Quiagen# 12943 and 12945). The donor plasmid con
taining the ChR2-YFP gene was then integrated into iPSCs using the 
TALEN pair pZT-C13-L1 (Addgene #62196) and pZT-C13-R1 (Addgene 
#62197) to cleave the genome specifically at the CLYBL locus. Briefly, 
1x106 hNIL-iPSCs were nucleofected with 3 μg of each CLYBL TALEN 
pair (pZT-C13-L1 and pZT-C13-R1, Addgene #62196, #62197), and 6 
μg of the ChR2 donor plasmid using the P3 Primary Cell 4D-Nucleofector 
Kit (Lonza #V4XP-3024). Starting 24 h post-nucleofection, cells were 
subjected to geneticin selection (G418, ThermoFisher #10131035) in 
StemFit medium (Ajinomoto #AS-Bo1R) supplemented with 10 μM 
Y-27632. Increasing concentrations of geneticin (50 μg/ml – 150 μg/ml) 
were applied for 7 days until stable colonies appeared. Post-selection, 
single-cell colonies were manually picked and expanded. The clones 
were genotyped by PCR to confirm the integration of the ChR2-YFP 
cassette at the CLYBL safe harbor locus. 

2.3.4. Derivation of motoneurons from hNIL iPSCs (opto hiMN) 
To differentiate hNIL motor neurons, 4x106 hiPSCs were transferred 

onto suspension culture dishes in 10 ml of mTESR1 medium supple
mented with 10 μM of Y-27632. On day 1, culture medium was replaced 

with warm neural inducing medium (NIM, Table II) supplemented with 
10 μM Y-27632, 2 μg/ml doxycycline and 0.2 μM Compound-E (Stem 
Cell Technologies # 73952). On day 4, media was replaced with warm 
NIM supplemented with Culture One supplement (ThermoFisher 
#A3320201), 1 μg/ml of laminin, 40 ng/ml BDNF, 40 ng/ml GDNF and 
20 ng/ml NT3. On day 7, half of the medium was replaced with fresh 
warm media. On day 10, cells were switched to neural maturation me
dium (NMM, Table II). Fresh media was changed every other day. 

3. Engineering of photosensitive NMJs 

3.1. Microfluidic platform 

Compartmentalization of the 3D culture of motoneurons and skeletal 
muscle was achieved using a custom-made microfluidic platform 
designed by Professor Roger Kamm’s Laboratory consisting of two 
tissue-specific culture chambers separated by a 1-mm gap for axonal 
sprouting and growth. The 1.5 mm × 0.6 mm muscle compartment 
features a set of 2 capped pillars for muscle bundle attachment, 1 mm 
apart, and is lined by an array of posts to ensure confinement of the gel 
solution upon seeding. The chamber is accessible on one end by a gel 
filling channel which features a necking region at the entrance to the 
chamber, designed to locally weaken the muscle bundle to separate the 
muscle in the chamber from the filling channel during gel compaction, 
resulting in muscle tissue anchored solely to the pillars and capable of 
freely contracting. The neuronal chamber, also accessible via a gel- 
filling channel, is delimited by 5 posts forming a 0.5 mm-diameter 
cup. This design allows for the seeding of an individual neurosphere 
aligned with the center of the muscle bundle. The gap region between 
the cell chambers ensures a clear physical separation between the two 
tissue types, which allows for axonal outgrowth and visualization. The 
tissue chambers are flanked by two large open reservoirs with a diam
eter of 6 mm, positioned to facilitate seeding and media changes with a 
multichannel pipette. 

3.2. Fabrication of the microfluidic platform 

Polyurethane molds of the microfluidic platform were kindly pro
vided by Professor Roger Kamm. A 10:1 base/curing agent mixture of 
PDMS (Ellsworth Adhesives) was degassed in a vacuum chamber for 
approximately 30 min until no air bubbles were left. The PDMS mix was 
then cast into the molds and degassed for a second cycle. The molds were 
then cured at 65 ◦C for at least 4 h and peeled off the molds once they 
have cooled down. Once peeled off their polyurethane molds, the indi
vidual PDMS devices were cut out and gel filling ports and medium 
ports/reservoirs were formed with 1- and 6-mm-diameter biopsy 
punches, respectively. The devices were cleaned in an ultrasonic bath 
(Branson 1800) using 1-h cycles of soap, isopropranol and distilled 
water, before drying overnight in a 65 ◦C oven. Next, the devices were 
plasma treated and bonded to a glass cover slip pretreated with 2 % 
Pluronic® F-127 for at least 30 min. Devices were then autoclaved in 
water and allowed to dry in an oven 65 ◦C at overnight. 

3.3. Cell seeding in the microfluidic devices 

Myoblasts were seeded at a concentration of 20 x106 cells/mL in a 
4:1 mix of 3 mg/ml collagen I (Corning #354249) and Matrigel. Briefly, 
collagen was diluted in PBS with Phenol Red (Sigma Aldrich #P0290) to 
achieve the desired concentration, and a 10 % solution of NaOH was 
used to neutralize the gel before adding the Matrigel and resuspending 
the myoblasts. A 10 μl micropipette was then used to inject the cell 
suspension into the muscle port until the muscle chamber and channel 
were filled with the cell-collagen mixture (approximately 4 μl). After 20 
min of polymerization at 37 ◦C, the media reservoirs were filled with 
Myotonic Growth Media. Myotube differentiation was initiated the day 
after seeding. Two weeks after myoblast seeding, the muscle and 
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neurosphere chambers, and the connecting channel were filled with a 
4:1 mixture of collagen I (2 mg/ml) and Matrigel. hiPSC-derived neu
rospheres in the 200–300 μm range were selected using pluriStrainers 
(PluriSelect #43-50200-03 and #43-50300-03) and seeded in the 
motoneuron chamber using the hydrogel. Devices were incubated for 20 
min at 37 ◦C and kept in coculture medium from this point onwards. 

4. Open-well bioreactor platform 

A novel open well PDMS bioreactor system was used for the com
partmentalized culture of skeletal muscle tissues and motoneurons. The 
system consists of two separated chambers connected by an 800 μm ×
250 μm x 250 μm (LxWxH) channel that allows for axonal growth. The 
muscle chamber contains two horizontal pillars separated by 3 mm for 
attachment and contraction of the muscle tissue. The motoneuron 
chamber is approximately 800 μm in diameter. The reservoir for the 
seeding of the muscle chamber measures 5.5 mm × 1.5 mm x 1 mm 
(LxWxH). Two 1 mm × 1 mm notches on the side of this chamber allow 
for longer pillars while having minimal impact on symmetric seeding 
around the pillar heads. Each well can accommodate up to 500 μl of 
media. This open well system allows for easy seeding of both cell types, 
as well as easy access and recovery of the samples for terminal analysis. 

4.1. Fabrication of the open-well bioreactor system 

Molds were machined in polyoxymethylene on a 3-axis Haas OM2 
milling machine. The mold geometry was modeled in SolidWorks, and 
the CNC toolpaths were generated using Mastercam. To fabricate the 
devices, a 10:1 base/curing agent mixture of PDMS was degassed and 
poured into the bottom half of the mold. After a second cycle of 
degassing, the mold was closed by placing the top half of the mold in the 
right orientation (Supplementary Fig. 1). Steel hexagonal rods 
(McMaster-Carr #91920A046) and metal c-clamps (McMaster-Carr 
#1705A12) were used to ensure a tight fit. Extra PDMS was then poured 
over the inlet holes in the top of the mold to ensure complete filling of 
the mold. The molds were then cured at 65 ◦C for 4–6 h. After curing, the 
molds were carefully opened to peel off the devices, that were then 
plasma treated (Harrik PDC-32G) and bonded to a glass cover slip that 
had been pretreated with 2 % Pluronic® F-127 for at least 30 min at 
room temperature. Compressed air and scotch tape was used to remove 
debris from the devices before bonding. Devices were then dry auto
claved and stored until used. 

4.2. Cell seeding in the open-well bioreactor 

A suspension of myoblasts in collagen I (2 x107 myoblasts/mL) was 
prepared as described in section 2.3. The muscle chamber was then filled 
with 15 μl of the cell-collagen suspension. After 30 min of polymeriza
tion at 37 ◦C, the media reservoirs were filled with Myotonic Growth 
Media. Myotube differentiation was initiated two days after seeding of 
the myoblasts. MN aggregates were seeded in the device at day 14. To do 
so, media was carefully aspirated from the neurosphere chamber and 
replaced by 10 μl of a 4:1 mixture of 2 mg/ml collagen I and Matrigel; 
this step is critical to ensure proper connectivity between the neuronal 
and muscle chambers. hiPSCs-derived neurospheres in the 400–500 μm 
range were selected using pluriStrainers (PluriSelect #43-50400-03 and 
#43-50500-03) and resuspended in 100 μl of the same hydrogel. A 20 μl 
micropipette filled with gel was used to pick up a single neurosphere and 
carefully place it in the bottom of the neurosphere well. After assessing 
the correct placement of the neurosphere under a microscope, the de
vices were placed in an incubator to allow polymerization for 30 min 
before adding 500 μl of the coculture medium, consisting of NbActiv4 
supplemented with 10 ng/ml GDNF and 20 ng/ml BDNF. From this point 
on, medium was changed every 2 days. 

5. Automated stimulation and recording of NMJ function 

5.1. Optical stimulation platform 

A custom-made optical stimulation platform was built using a 573 
nm dichroic mirror (Semrock FF573-Di01–25x36) to couple two light 
sources togetherred (627 nm LED (Luxeon Star LEDs SP-05-R5) filtered 
through a 594 nm long-pass excitation filter (Semrock BLP01-594R-25)) 
and blue (448 nm LED (Luxeon Star LEDs #SP-05-V4) filtered through a 
546 nm short-pass excitation filter (Semrock FF01-546/SP-25)) 
(Fig. 4A). A 30 mm cage cube system from ThorLabs (#CM1-DCH, 
#CP33, #ER1-P4 and #ER2-P4) was used to couple the light sources. A 
ring-actuated iris diaphragm (ThorLabs #SM1D12D) was attached to 
the bottom to control of the size of the illuminated area. The LEDs were 
powered with T-Cube LED drivers (ThorLabs #LEDD1B, # KPS101) 
controlled from an Arduino Uno Rev3 board. 

5.2. Stimulation set-up 

For imaging, an Olympus FSX100 microscope was used in conjunc
tion with an Andor Zyla 4.2 sCMOS camera, an automated stage (MS- 
2000 XYZ) connected to a multi-axis stage controller (MS-2000-WK), 
and a live-cell chamber with controlled temperature and CO2 (Tokai Hit 
STX Series Stage Top Incubator System TOKAI-HIT-STXG). The optical 
stimulation platform was hung directly over the sample. A 594 nm long- 
pass emission filter placed on top of the microscope objective, distal to 
the sample (Semrock BLP01-594R-25) was used to filter out the blue 
light used to stimulate the motoneurons (Fig. 4B). The maximum in
tensity of the blue light illuminating the sample in this set-up was 326 ±
8 μW/mm2. 

5.3. Automated imaging 

A custom script was loaded onto the Arduino board with the desired 
optical stimulation parameters prior to each imaging session (https:// 
github.com/ofvila/NMJ-function-analysis). This script instructs the 
red LED to turn ON 5s after the execution of the script, and then start the 
blue light pulses after another 5 s. A ramped stimulation protocol with 
decreasing intervals was used to challenge the tissues in terms of 
maximum frequency of response and fatigability in one measurement. 
Pulse duration, pulse number, and initial and final frequencies can be 
adjusted to generate more or less challenging ramps, depending on the 
motoneurons’ responsivity to light stimulation, the level of muscle 
innervation and the expected changes in NMJ function. The parameters 
ranges used in our studies were 30–40 light pulses, with a duration of 
50–100 ms, and frequency ramps from 0.2 to 0.5 to 2–3 Hz. 

For imaging, a 594 nm long-pass emission filter (Semrock BLP01- 
594R-25) was placed between the sample and the imaging objective to 
filter out blue light pulses. The camera settings were adjusted to an 
exposure of 20 ms for high-speed imaging (50 fps) . Once the region of 
interest was identified, a plate (ThermoFisher #267061 and #267062) 
containing either 4 bioreactors (4 x 6 = 24 tissues) or 8 microfluidic 
platforms (8 x 4 = 48 tissues) was placed into the live-cell chamber on 
top of the automated stage. An NIS-Elements Software custom macro 
that controls stage position, the Arduino board, and the video acquisi
tion was then executed, allowing for automated stimulation and video 
acquisition of every tissue in the plate without user intervention (Movie 
1) (https://github.com/ofvila/NMJ-function-analysis). Medium was 
replaced with fresh coculture medium post-recording, and samples were 
returned to the incubator. Resting intervals of at least 24 h were used 
between recordings to avoid tissue fatigue. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2021.121033. 
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6. Automatic quantification of NMJ function 

6.1. Batch movie processing 

Custom MATLAB code (https://github.com/ofvila/NMJ-function-an 
alysis) was used to perform automatic batch analysis of the acquired 
movies. The main functions and brief explanations are listed in Table III. 
Briefly, the main script recursiveOSAnalysis finds every movie file in an 
indicated folder and runs the function OSAnalysis using the indicated 
stimulation parameters and a set of initial analysis parameters. This 
function calculates the stimulation protocol based on the parameters 
(getOSProtocol), and then detects the moment that the red light turns ON 
and uses it to synchronize the stimulation and the recording (cutVideo
ToOS). It then extracts the motion from each movie by subtracting every 
frame from a baseline frame to output a matrix of differences. 

The amount of motion at any time point is calculated as the average 
absolute value of the difference matrix across the frame and used to 
create the trace of contractile activity (getContractilityTrace). Muscle 
contractions are detected (getPeakHeighThreshold) and aligned against 
the stimulation trace (matchPulsesToOSContraction). Each stimulation 
pulse was determined as effective if a contraction occurred within a 
specific time window (matchLength). 

The fraction of effective pulses (F) was calculated as the ratio of 
effective pulses to total light pulses. To account for the possibility that 
random unstimulated contractions could be correlated with the stimu
lation pulses by happenstance, an expected fraction of effective pulses 
(E) was calculated as the expected fraction of pulses to be labeled as 
effective if the contractions were randomly distributed throughout the 
time course (total number of contractions x matchLength/total time). 
The final tissue score was then calculated as (F-E)/(1-E), with a range 
from 0 to 1. 

At the end of this first analysis, recursiveOSAnalysis displays graphs 
showing the results of the analysis for each tissue to the user (OSPos
tAnalysis). The user at this point has the option to either approve to the 
analysis or change some of the analysis parameters to refine the detec
tion of the contractions. Finally, once every analysis has been reviewed 
and approved, an excel table that compiles the scores of each individual 
tissue is generated (compileData). 

6.2. Determining analysis parameters 

Our code utilizes a series of default parameters to evaluate NMJ 
function during the first round of analysis, but these can be adjusted in 
individual movies during the analysis if required (i.e. peaks and minima 
are misidentified, Supplementary Fig. 2). At the end of the analysis, 
MATLAB displays a graph with the result of the analysis for each tissue 
and ask the user if any parameter requires readjustment. To help with 
this assessment, the graph will show the contractility trace, the light 
pulses (vertical lines) the detected peaks (asps) and the minima for each 
peak (blue circles). 

The following parameters can be adjusted to optimize the analysis:  

• Baseline time (baselineTime): This is the frame that the code uses as 
reference for tissue at rest. The default value is set at the very 
beginning of the recording, before the NMJ is stimulated (0.01). 
However, spontaneous activity of the skeletal tissue may cause the 
tissue to be contracted at this point and result in inaccurate analysis 
which presents incorrect peak shape (Supplementary Fig. 2A). In that 
case, the option to change baseline time (option 1) should be selected 
when prompted at the end of the analysis and a new baseline time 
should be picked.  

• Peak threshold (peakThreshold): This parameter is a value that allows 
the code to count as contractions only peaks over a certain magni
tude level. The default value of this parameter is automatically set at 
25 % of the highest peak, which we found to be a good threshold for 
most cases. If this threshold is too high, the code might inaccurately 

omit peaks (Supplementary Fig. 2B). In that case, the option to 
change the peak threshold (option 2) should be selected when 
prompted at the end of the analysis and a new threshold should be 
chosen. 

• Minimum minima height and width (minMinProminence and min
MinWidth): These two parameters determine the sensitivity when 
detecting the start of each peak. The time between a light pulse and 
the start of a peak determines if the peak is considered a triggered or 
untriggered contraction. The code starts searching minima starting 
from the peak maximum towards the beginning of the movie, 
therefore low values of minMinProminence and/or minMinWidth 
result in high sensitivity in the detection of minima, which can lead 
the code to tag some point in the middle of the peak as the beginning 
(Supplementary Fig. 2C). On the other hand, high minMinProminence 
and/or minMinWidth values can result in minima being detected 
before the start of the contraction (Supplementary Fig. 2D). Note that 
in this case, unlike in the high peakThreshold example, the peaks are 
detected correctly (red crosses) but the minima are not being 
detected corrected. 

7. Generate video files 

The script recursiveOSMovie can be run on any folder that has been 
previously analyzed to generate movies that visualize the tissue con
tractions, the optical stimulation (indicated by a blue blinker in the top- 
left) and the contractility analysis. 

Notes: Code is compatible with nd2 and czi formats. Code requires 
parallel processing activated in MATLAB, as well as the bioformats 
package. 

8. Results 

The first overall strategy to produce NMJs from a specific donor 
utilized human primary skeletal myoblasts as the starting cell source and 
reprogrammed them into hiPSCs using Sendai viruses to create isogenic 
motoneurons (Fig. 1A). Human primary skeletal myoblasts were 
differentiated into myotubes utilizing a 14-day protocol (Fig. 1B), 
resulting in elongated, multinucleated cells that expressed the skeletal 
muscle markers myosin heavy chain (MHC), α-actinin and desmin 
(Fig. 1C). In parallel, myoblast-derived hiPSCs were infected with 
lentivirus carrying the channelrhodopsin-2 tagged with a yellow fluo
rescent protein (ChR2-YPF) and differentiated into hMNs using a dual 
SMAD inhibitor protocol [2] (Fig. 1D). Both the optogenetic iPSCs and 
motoneurons showed membrane localization of the ChR2-YFP construct 
(Fig. 1E and F). Successful differentiation of optogenetic hiPSCs into 
hMNs with persistent expression of ChR2-YFP was confirmed by fluo
rescent microscopy showing co-expression of ChR2-YFP and choline 
acetyltransferase (ChAT) (Fig. 1G). The ability to induce electrical de
polarization of the optogenetic hMNs using light was confirmed with 
MEA recordings (Fig 1H) that showed the generation of electrical spikes 
in response to blue light stimulation.. 

Alternatively, a second method of producing isogenic hNMJs con
sisted of using a single source of hiPSCs which were then differentiated 
into its respective components, skeletal muscle cells and motoneurons 
independently (Fig. 2A). For this strategy, we utilized transcription 
factor overexpression, which circumvents some of the challenges asso
ciated with small molecule pathway inhibitor-mediated differentiation 
protocols, such as low efficiency and variable sensitivity of different 
hiPSC lines or clones to small molecules. 

Overexpression of the master myogenic regulator MYOD1 has been 
widely used to induce direct myogenic transdifferentiation of fibroblasts 
[29] as well as to differentiate PSC-derived mesoderm cells into myo
blasts [30]. However, direct MYOD1 conversion in pluripotent cells 
without the generation of a mesodermal intermediate is very inefficient 
[31]. Coupling MYOD1 overexpression with OCT4 knockdown can 
overcome this limitation, allowing for rapid and robust differentiation of 
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Fig. 1. Generation of myotubes and motoneurons (MN) from human primary skeletal myoblasts (hSkM). (A) Overall strategy (B) Myotube differentiation protocol 
(MM = Maturation Media) (C) Immunofluorescence (IF) images of skeletal markers in hSkM-derived myotubes. (D) human induced pluripotent stem cells (hiPSC) MN 
differentiation protocol. (E) Membrane expression of YFP-Channelrhodopsin-2 (ChR2) in optogenetic iPSCs and (F) MNs. (G) Co-expression of ChR2 (green) and 
choline acetyltransferase (ChAT, red) in opto-hMNs. (H) Spontaneous electrical depolarization vs light-induced electrical depolarization in opto-hMNs as confirmed 
by multi-electrode array (MEA) recordings, in which each row shows the electrical activity of one electrode, blue dots represent spikes and pink boxes indicate the 
presence of burst (synchronous activity in the electrodes), while blue ticks signal the light stimulation pulses. Scale bars 100 μm. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Transcription-factor mediated differentiation of myotubes and motoneurons from iPSCs. (A) Overall strategy. (B) PiggyBac plasmid for the expression of 
MYOD1 and knock down of OCT4 in hiPSCs. (C) hiPSC-derived skeletal myoblast (hiSkM) differentiation protocol (D) Bright field and (E) skeletal muscle marker IF 
images (F) hNIL- MN differentiation protocol. (G) Membrane expression of ChR2-YFP in optogenetic hNIL iPSCs and (H) MNs. (I) IF images for β-tubulin (green) and 
ChAT (red) (J) MEA recording showing spontaneous and light-stimulated electrical activity in optogenetic hNIL-MNs. Each row shows the electrical activity of one 
electrode, blue dots represent spikes, pink boxes indicate the presence of burst (synchronous activity in the electrodes), and blue ticks indicate light stimulation 
pulses. Scale bars 100 μm optogenetic hMNs using light was confirmed with MEA recordings (Fig. 1H) that showed the generation of electrical spikes in response to 
blue light stimulation.(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Advanced culture systems for the formation of 3D NMJs. A) Microfluidic platform. Right panel depicts the microfluidic chambers inside the platform, located 
between each pair of media reservoirs. B) Open-well system C) Timeline showing differentiation and seeding strategies. D)Innervated primary myoblast-derived 
skeletal muscle tissue formed in the microfluidic platform. E) Innervated iPSC-derived skeletal muscle tissue cultured in the open-well bioreactor. Scale bar 0.5 mm. 
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myoblast from iPSCs [25]. Thus, we created a PiggyBac™ plasmid that 
allowed for inducible and simultaneous MYOD1 overexpression and 
OCT4 knockdown (Fig. 2B) and used it to generate a MyoD/OCT4 KD 
cell line in the WTC11 background. These hiPSCs were then differenti
ated into hiPSC-derived skeletal myoblasts (hiSkM) that showed nuclear 
expression of the blue fluorescence protein (nBFP), indicative of suc
cessful transfection (Fig. 2C and D). Further maturation and fusion into 
myotubes was achieved using a combination of serum-free media and 
small molecules [32] (Fig. 2D). 

Similarly to MYOD1, overexpression of the master neuronal tran
scriptional regulator neurogenin-2 (NGN2) results in rapid, one-step 
differentiation of hiPSCs to functionally mature glutamatergic neurons 
[33,34]. Motoneurons can be generated in a similar manner by over
expressing the transcription factors Islet-1 (ISL1) and LIM Homeobox 3 
(LHX3) along with NGN2 [28]. As described in the methods, we created 
a stable hiPSC line that allowed for the inducible expression of the 
human NGN2, ISL1, and LHX3 cassette (hNIL) (Fig. 2E). This hNIL-iPSC 
line was then further edited for constitutive expression of the ChR2-YFP 
gene to generate optogenetic hNIL-iPSCs (Fig. 2F). These 
opto-hNIL-iPSCs were then differentiated into optogenetic hiMNs 
through inducible transcription factor overexpression (Fig. 2E). Pheno
type and function were validated by membrane expression of ChR2-YFP 
(Fig. 2G), IF stains for ChAT (Fig. 2H) and MEA recordings demon
strating optical control of neuronal depolarization (Fig. 2I). 

To form distinct, controllable photosensitive hNMJs, we used com
partmentalized culture systems with physically separated chambers for 
the culture of skeletal muscle microtissues and motoneuron aggregates 
that allow for axonal sprouting from the neuronal aggregates towards 
the skeletal tissues. Two culture systems of different scales were used to 
demonstrate that the same methodology can be implemented in any 
optically accessible culture systems. The first culture system used is a 
microfluidic device that allows the muscle tissue to anchor itself be
tween two capped pillars connected to a well for motoneuron aggregate 
seeding by a channel for axonal growth and sprouting (Fig. 3A). The 
resulting tissues are 1 mm long and contain approximately 20,000 
myoblasts. The second is a larger open-well system that creates 4 mm- 
long tissues containing approximately 300,000 myoblasts (Fig. 3B). The 
larger size of these tissues, combined with their accessibility, allows for 

the integration of functional analysis with molecular and histological 
assays, unlike the microfluidic system, which is more suitable for high- 
throughput functional studies than the open well system, since it re
quires lower cell numbers. The timeline for the generation of 3D NMJs 
was the same for both platforms (Fig. 3C). Briefly, primary or iPSC- 
derived skeletal muscle were expanded for 2–3 weeks before the start 
of the experiment. On day 0, myoblasts were seeded into the muscle 
chamber using a collagen gel, and myotube differentiation was started. 
At the same time, 3D differentiation of ChR2-iPSCs into motoneurons 
was started in suspension dishes separate to the reactor. On day 14, the 
motoneuron neurosphere was seeded into the reactor and axonal 
innervation of the skeletal tissue occurred about 7–12 days later 
(Fig. 3D, E). 

A custom optoelectronic platform was developed to image and 
stimulate hNMJs. A 627 nm (red) LED to provide brightfield illumina
tion and a 470 nm (blue) LED for MN stimulation were coupled together 
with a dichroic mirror and filtered with a combination of long and short 
pass filters (Fig. 4A). The stimulation apparatus is placed above the NMJ 
tissue samples on the automated stage (Fig. 4B, Movie 1). A live-cell 
chamber was used to keep the tissues under physiologic parameters 
for an extended period of time while the automated stage and custom 
script captured data for batches of tissues. 

To evaluate and measure hNMJ function, movies are batch-processed 
by a custom MATLAB algorithm (Fig. 5A). The output of the automated 
analysis including triggered/untriggered contractions and effective 
stimulation pulses is visually synced with the original recording for user 
review (Fig. 5B). The code allows for user input to optimize the analysis 
parameters until satisfactory results are obtained and a final score of 
NMJ function is calculated, with values between 0 and 1. This auto
mated process enables repeated, unbiased quantification of hNMJ 
function of a large number of samples and can be used to analyze 
contractility of tissues derived from different cell sources (Movie 2: 
primary skeletal myoblasts; Movie 3: hiPSC-derived myoblasts) in both 
of the culture systems presented in this work (Movie 2: Open well 
bioreactor, Movie 4: microfluidic platform). Analysis of the evolution of 
NMJ function over time demonstrated that while the limiting factor for 
NMJ function for primary skeletal myoblast-derived tissues was moto
neuron to muscle innervation, skeletal tissue maturity was the limiting 

Fig. 4. Optical set-up for simultaneous stimulation and recording of engineered NMJs. (A) Light path (B) Implementation of the custom optical set-up in a traditional 
inverted microscope provided with a live cell chamber, an automated stage and a CMOS camera. 
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factor for iPSC-derived myoblast muscle. This is evident in the reduced 
NMJ function that improves long after complete innervation of iPSC- 
derived myoblast muscle is achieved (Supplementary Fig. 3). Simi
larly, there are some differences on the evolution of NMJ tissues in the 
open-well bioreactors vs the microfluidic system, with function peaking 
later in the larger tissues (day 23 in the bioreactor vs day 14 in the 
smaller microfluidic devices, Supplementary Fig 4). 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2021.121033. 

To assess the translational utility of our system, we recapitulated 
pathological changes in NMJ function caused by MG, the most common 
NMJ disease.MG is an autoimmune disorder caused by autoantibodies 
against the nicotinic acetylcholine receptors (nAChR), leading to 
muscular weakness due to a decrease in NMJ function. MG diagnosis is 
routinely performed based on symptomatology, blood tests for specific 
antibodies, and electrodiagnostic tests. However, the antibody titers 
correlate poorly with disease severity [35]. Furthermore, not all anti
bodies contributing to MG have been identified, leaving seronegative 
patients with MG symptoms undiagnosed and untreated [36]. Electro
diagnosis, in the other hand, is an invasive and painful technique [37] 
and it cannot be relied on as a standalone diagnosis tool because the 
results can be confused with other pathologies such as Lambert-Eaton 
myasthenic syndrome, botulism, or motoneuron disease. 

To recapitulate the myasthenic phenotype in our system, we first 
incorporated pooled sera from 5 patients carrying MG autoantibodies. 
Steinbeck et al., and others, previously reported the ability to model MG 
in co-cultures of optogenetic, PSC-derived motoneurons and skeletal 
myotubes by manually illuminating randomly selected fields in the 
coculture and measuring myotube contraction [38,39]. 

Our system allowed us to perform repeated precise measurements of 
the same tissues before exposure (Fig. 6A, Movie 4) and after incubation 
with MG serum (Fig. 6B, Movie 5). After washout of the antibodies 
(Fig. 6C, Movie 6) NMJ function was recovered. For this set of experi
ments, we used the microfluidic platform, since it allowed us to use 
smaller amounts of patient sera, a limited resource. Similarly, we used 
myotubes and motoneurons derived from human primary myoblasts (as 
depicted in Fig. 1), since we didn’t require a specific genetic 

background. Quantification of the results for tissues treated with 20 % of 
MG serum for 48 h showed drastically impaired function (before treat
ment score mean = 0.43 ± 0.05; after treatment score mean = 10− 5 ±

0.00) compared to controls treated with serum from healthy donors 
(before treatment score mean = 0.47 ± 0.07; after treatment score =
0.40 ± 0.07, p = 0.0015) or non-treated controls (before treatment score 
mean = 0.51 ± 0.05; after treatment score = 0.47 ± 0.07, p = 3.5⋅10− 6). 
Evaluation of tissue function 48 h after serum removal showed total 
functional recovery (recovery score mean = 0.49 ± 0.11) (Fig. 6D). 
These results demonstrate the capability of our system to detect and 
quantify changes in NMJ function, and to model human diseases in vitro. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2021.121033. 

To demonstrate the potential of our system as a diagnosis and eval
uation tool for MG and other neuromuscular diseases, we tested indi
vidual serum from 3 different patients at increasing doses. Our results 
show that the system is capable of detecting changes in NMJ function at 
doses as low as 0.1 % for one of the patients, whereas it was necessary to 
increase the serum concentration by 20 times to elicit an observable 
effect for the other two patients (Fig. 6E). These results prove that our 
system can detect differential effects from different patients and suggest 
that determining the lowest dilution at which the serum has an effect on 
the NMJ function could be a quantifiable strategy to evaluate the 
severity of the disease. 

Finally, we assessed the potential of our strategy as a diagnostic tool 
for double-seronegative MG patients, a subpopulation of MG patients 
that present with typical symptoms of the disease without detectable 
antibodies to the nAChR or to muscle-specific tyrosine kinase (MuSK). 
Through the Columbia Neurological Institute, we obtained sera from 
two double-seronegative MG donors. We didn’t observe a significant 
decrease in NMJ function upon addition of 20 % seronegative sera to the 
media, presumably because the concentration of antibodies present was 
not high enough, so we proceeded to concentrate the immunoglobulin 
(IgG) fraction of the sera samples. Treatment with concentrated IgGs 
equivalent to adding 40 % serum to the media resulted in a 27 % 
decrease of function in tissues treated with sera from one of the patients 
(SN#2, score normalized to day 0 for control = 1.14 ± 0.08, 

Fig. 5. Automated analysis of NMJ function (A) Video-processing algorithm for the batch analysis of movies taken during optical stimulation of NMJ cultures (B) 
Representative frame of the output generated by the analysis software showing the video frame and time stamp on the top, and the contractility trace graph in the 
bottom. The blue blinker indicates when the blue stimulation is happening, shown in the graph by the vertical lines. Light-pulses followed by a contraction (x) are 
counted as triggered and marked in green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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seronegative patient 2 = 0.83 ± 0.06, p = 0.017), whereas tissues 
treated with sera from the other patient (SN#1) showed no difference 
with the non-treated control (seronegative patient 1 = 0.83 ± 0.06), 
(Fig. 6F). The IgG fraction isolated from a seropositive patient was used 
as a positive control and resulted in complete disruption of the NMJ 
function (seropositive patient = 0.006 ± 0.06, p = 2x10− 6). 

9. Discussion 

We report on a platform for high-throughput, automated analysis of 
NMJ function in an all-human patient-specific model. Previously, 
quantification of NMJ function proved to be labor-intensive, time- 

consuming, and inconsistent. The combination of scientific and tech
nological advancements in cell line derivation, differentiation, biore
actor design, tissue engineering, optoelectronic hardware, and 
automated analysis, enabled our improved NMJ model to yield repro
ducible assays of many samples in parallel for practical applications in 
disease modeling and drug testing. 

We describe two strategies for the derivation of cells from a single 
donor in order to generate patient-specific NMJs. The first strategy relies 
on reprogramming primary skeletal myoblasts into hiPSCs, which can 
then be subsequently differentiated into photosensitive motoneurons. 
This method results in robust and fully functional tissues because it uses 
primary skeletal myoblasts, which are ideal for the study of healthy 

Fig. 6. Myasthenia Gravis effect on NMJ function. (A–C) Contractility traces for tissue engineered NMJs using myotubes and MNs generated from hSkM in a 
microfluidic platform (as depicted in Fig. 1) (A) before and (B) after 48 h of treatment with 20 % of MG sera and (C) 48 h after its removal. (D) Quantification of NMJ 
function of treated and control groups before and after treatment and post-recovery, (n = 12; after treatment post-hoc ANOVA F = 0.0002; *indicates p = 0.0015 
**indicates p = 3.5⋅10− 6) (MG = Myasthenia Gravis; NHS = normal human serum). (E) Effect of sera from different patients (A, B, C) on tissue function (n = 15; after 
treatment post-hoc ANOVA F = 2⋅10− 5; * indicates p < 0.01 vs control group). Treatment was started on day 14 with sequential dose increments at days 16, 18 and 
20 (F) Effect of IgG isolated from seronegative patients on tissue function (SN = seronegative, SP = seropositive), (n = 8, *indicates p = 0.02). Boxes = 25–75 
percentiles; brackets = 1.5 standard deviations. n indicates the number of biological replicates. 
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NMJs. However, it requires an of skeletal muscle biopsy (an invasive 
procedure), and its limited by the growth potential of primary myoblasts 
ex vivo. The second strategy is to directly differentiate motoneurons and 
myotubes from hiPSCs. While we have incorporated transcription-factor 
differentiation techniques into our platform, it still warrants further 
optimization for long-term success. The transcription factor approach is 
inherently more scalable given the existence of large hiPSC biobanks 
and effectively indefinite self-renewal potential of stem cells. Further
more, generation of de novo iPSC lines can be achieved with less inva
sive sampling of skin fibroblasts or blood samples, instead of skeletal 
muscle biopsies. For the MG experiments presented in this paper, we 
used with primary skeletal myoblasts from healthy patients since the 
phatophysiology of MG suggests it is an acquired disease with normal 
muscle at baseline. 

In both the microfluidic and open-well platforms described, separate 
chambers are connected by a channel for axonal growth and sprouting, 
to mimic the native human NMJ physiology. Compartmentalization al
lows for defined microenvironments and independent manipulations of 
each chamber while the three-dimensional nature of the model allows 
for improved muscle architecture and increased contractile function 
compared to two-dimensional systems [40]. Compared to the open-well 
design, the microfluidic platform requires fewer cells per sample and 
smaller amounts of incubation media, thus being more amenable to 
higher throughput and more cost-efficient experiments. However, the 
open-well format is much easier to retrieve samples for terminal analysis 
and provides greater tissue mass per sample for analysis. The two sys
tems are highly complementary and can be selected based on the chosen 
application. For example, in the case of the MG assays, we used the 
microfluidic platform as the patient sera was a limiting resource for our 
experiments. 

Although previous NMJ models have used compartmentalization to 
selectively stimulate motoneurons or skeletal muscle [41], optogenetics 
allows for greater versatility by easily targeting specific cell types in 
culture when compared to traditional electrical or chemical stimulation 
strategies. In particular, the genotype-specific spatiotemporal control 
offered by optogenetics is easily incorporated into hiPSC-based models, 
and simultaneously simplifies bioreactor design given the lack of elec
trodes. We have further utilized the potential of these models to combine 
optogenetic motoneurons with automated microscopy, standardized 
stimulation protocols, and computer vision. In comparison to previous 
optogenetic models [22,23,38,39], our system is much more amenable 
to the parallel workflows necessary for the high-throughput assays 
typically required for disease modeling and drug development. 
Furthermore, while our software is programmed to measure motion, it 
can be easily adapted to utilize strain [42] or other optically measured 
parameters. 

To demonstrate the capabilities of our system, we were able to 
quantify dose-dependent and patient-specific changes in individual 
NMJs before and after exposure to MG serum with a high degree of 
sensitivity, using clinically relevant MG sera concentrations. Further
more, we were able to quantify a decrease in NMJ function for double- 
seronegative MG, which has been undetectable through existing di
agnostics due to a lack of specific biomarkers, a problem which has 
hindered the diagnosis and clinical management of these patients [43, 
44]. By interrogating NMJ function rather than serum biomarkers, our 
platform provides a promising approach for the diagnosis of this specific 
subtype of MG, as well as for other diseases that cannot be diagnosed 
through existing methods. 

One avenue for future development of our system would be the 
incorporation of additional cell types. Incorporating glial cells known to 
be crucial in the development and health of the NMJ (e.g., Schwann 
cells), or other neuronal circuit components (e.g., interneurons and 
sensory neurons), will increase the physiologic fidelity of our system and 
allow for more complex modeling (e.g. neuronal synaptogenesis, reflex 
arcs). Incorporating non-neuronal cell types can also be used to study the 
autonomic nervous system (e.g. parasympathetic innervation of cardiac 

nodal cells). 
In parallel with increased cellular diversity, our system can be 

improved through the use of multicolor optogenetic actuation [45] or 
the incorporation of optogenetic sensors for voltage/calcium imaging 
[46], or probes for muscle metabolism such as the ATP-FRET sensor 
[47]. This would provide the ability to precisely stimulate and record 
various physiologic activities from multiple cell types in the circuit. 
Likewise, advanced optical tools, such as lasers and micro-mirror arrays 
could be used to stimulate specific cells or regions with different 
wavelengths using more complex patterns [48,49]. One example would 
be a NMJ chip where both the motoneurons and skeletal muscle are 
optogenetic, and selective activation of one or the other can be achieved 
by spatial control of light stimulation. Such platform would expand the 
capabilities of the current system by allowing us to distinguish between 
muscle weakness caused due to NMJ disruption or direct muscle 
damage. 

A combination of these additions would allow for specific and tar
geted perturbations of individual cell populations contributing to the 
complex neuronal circuit, as well as for multi-modal downstream anal
ysis of the effects of these perturbations, ultimately providing a platform 
to dissect the functional contributions of each synaptic partner in a well- 
defined and systematic manner. 

In summary, this platform provides a reproducible and versatile 
method for studying the human NMJ and can be used to study both 
healthy and diseased NMJs in a patient-specific manner. It is sensitive 
enough to detect dose-dependent effects of patient serum in MG and can 
be similarly applied to drug development. Our system has the advan
tages of simplicity and scalability, and lays the groundwork for more 
complex systems to address future applications in personalized 
medicine. 
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[2] Y. Maury, J. Côme, R.A. Piskorowski, N. Salah-Mohellibi, V. Chevaleyre, 
M. Peschanski, C. Martinat, S. Nedelec, Combinatorial analysis of developmental 
cues efficiently converts human pluripotent stem cells into multiple neuronal 
subtypes, Nat. Biotechnol. 33 (2015) 89–96, https://doi.org/10.1038/nbt.3049. 

[3] F. Bianchi, M. Malboubi, Y. Li, J.H. George, A. Jerusalem, F. Szele, M.S. Thompson, 
H. Ye, Rapid and efficient differentiation of functional motor neurons from human 

O.F. Vila et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.biomaterials.2021.121033
https://doi.org/10.1016/j.biomaterials.2021.121033
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1038/nbt.3049


Biomaterials 276 (2021) 121033

13

iPSC for neural injury modelling, Stem Cell Res. 32 (2018) 126–134, https://doi. 
org/10.1016/j.scr.2018.09.006. 

[4] L. Rao, Y. Qian, A. Khodabukus, T. Ribar, N. Bursac, Engineering human 
pluripotent stem cells into a functional skeletal muscle tissue, Nat. Commun. 9 
(2018) 1–12, https://doi.org/10.1038/s41467-017-02636-4. 

[5] L. Madden, M. Juhas, W.E. Kraus, G.A. Truskey, N. Bursac, Bioengineered human 
myobundles mimic clinical responses of skeletal muscle to drugs, ELife 4 (2015), 
e04885, https://doi.org/10.7554/eLife.04885. 

[6] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors, Cell 126 (2006) 
663–676, https://doi.org/10.1016/j.cell.2006.07.024. 

[7] J.S. Kim, H.W. Choi, S. Choi, J.T. Do, Reprogrammed pluripotent stem cells from somatic 
cells, Int J Stem Cells 4 (2011), https://doi.org/10.15283/ijsc.2011.4.1.1, 1–8. 

[8] S. Turan, A.P. Farruggio, W. Srifa, J.W. Day, M.P. Calos, Precise correction of 
disease mutations in induced pluripotent stem cells derived from patients with limb 
girdle muscular dystrophy, Mol. Ther. 24 (2016) 685–696, https://doi.org/ 
10.1038/mt.2016.40. 

[9] R. Lodi, A.H. Schapira, D. Manners, P. Styles, N.W. Wood, D.J. Taylor, T.T. Warner, 
Abnormal in vivo skeletal muscle energy metabolism in Huntington’s disease and 
dentatorubropallidoluysian atrophy, Ann. Neurol. 48 (2000) 72–76. 

[10] A.D. Ebert, P. Liang, J.C. Wu, Induced pluripotent stem cells as a disease modeling 
and drug screening platform, J. Cardiovasc. Pharmacol. 60 (2012) 408–416, 
https://doi.org/10.1097/FJC.0b013e318247f642. 

[11] C.-Y. Lin, M. Yoshida, L.-T. Li, A. Ikenaka, S. Oshima, K. Nakagawa, H. Sakurai, 
E. Matsui, T. Nakahata, M.K. Saito, iPSC-derived functional human neuromuscular 
junctions model the pathophysiology of neuromuscular diseases, JCI Insight 4 
(2019), e124299, https://doi.org/10.1172/jci.insight.124299. 

[12] E.G.Z. Centeno, H. Cimarosti, A. Bithell, 2D versus 3D human induced pluripotent 
stem cell-derived cultures for neurodegenerative disease modelling, Mol. 
Neurodegener. 13 (2018) 27, https://doi.org/10.1186/s13024-018-0258-4. 

[13] L. Madden, M. Juhas, W.E. Kraus, G.A. Truskey, N. Bursac, Bioengineered human 
myobundles mimic clinical responses of skeletal muscle to drugs, ELife Sciences 4 
(2015), e04885, https://doi.org/10.7554/eLife.04885. 

[14] T. Okano, T. Matsuda, Tissue engineered skeletal muscle: preparation of highly 
dense, highly oriented hybrid muscular tissues, Cell Transplant. 7 (1998) 71–82, 
https://doi.org/10.1016/S0963-6897(97)00067-5. 

[15] C.A. Powell, B.L. Smiley, J. Mills, H.H. Vandenburgh, Mechanical stimulation 
improves tissue-engineered human skeletal muscle, Am. J. Physiol. Cell Physiol. 
283 (2002), https://doi.org/10.1152/ajpcell.00595.2001. C1557–C1565. 

[16] K. Ronaldson-Bouchard, S.P. Ma, K. Yeager, T. Chen, L. Song, D. Sirabella, 
K. Morikawa, D. Teles, M. Yazawa, G. Vunjak-Novakovic, Advanced maturation of 
human cardiac tissue grown from pluripotent stem cells, Nature 556 (2018) 
239–243, https://doi.org/10.1038/s41586-018-0016-3. 

[17] N. Thavandiran, N. Dubois, A. Mikryukov, S. Massé, B. Beca, C.A. Simmons, V. 
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